Background: Docetaxel improves symptoms and survival in metastatic castration-resistant prostate cancer (CRPC). However, B50% of patients are chemoresistant. This study examined whether changes in cytokine levels predict for docetaxel resistance in vitro and in a clinical cohort.
Prostate cancer is the most common cancer in men and the third leading cause of male cancer death in the developed world (Jemal et al, 2011) . Although it is initially sensitive to hormonal manipulation, resistance to androgen deprivation therapy ultimately occurs. In the setting of advanced castration-resistant disease, docetaxel chemotherapy provides modest symptomatic and survival benefits at the cost of significant toxicity (Petrylak et al, 2004; Tannock et al, 2004) . However, 50% of patients will not respond to cytotoxic treatment. The decision to cease therapy is made after two to three chemotherapy cycles, as the median time to serum prostate-specific antigen (PSA) response for docetaxel is 44 days (Berthold et al, 2008) . To minimise unwarranted toxicity and allow earlier progression to other potentially effective therapeutic agents such as cabazitaxel, abiraterone and enzalutamide, early markers of treatment response are urgently required.
Inflammation is implicated in all stages of prostate cancer progression, from carcinogenesis (De Marzo et al, 2007) through to castration resistance and cytotoxic resistance (DomingoDomenech et al, 2006) in advanced disease. Cross-talk between tumour cells and myeloid neighbours via cytokine mediators is essential to the development of some forms of chemoresistance (Acharyya et al, 2012) . In particular, tumour-associated macrophages (TAMs) are central participants in the tumour microenvironment, promoting tumour growth, angiogenesis and metastases (Mantovani et al, 2006) . Baseline serum interleukin-6 (IL-6; Domingo-Domenech et al, 2007) and baseline C-reactive protein have been implicated as biomarkers of chemoresistance in castration-resistant prostate cancer (CRPC). Single baseline cytokine measures are limited by the significant variability between individuals at any given time point (Wong et al, 2008) . However, we postulate that measuring changes during chemotherapy would control for this interpersonal variability. We previously demonstrated that an increase in macrophage inhibitory cytokine 1 (MIC1) levels after cycle 1 of chemotherapy in men with CRPC was predictive of docetaxel resistance, as opposed to the static baseline MIC1 levels, which were not able to identify non-responders (Zhao et al, 2009) . A comprehensive cytokine evaluation during therapy has not been previously performed.
The aim of this study was to investigate the role of cytokines and macrophages in docetaxel resistance in vitro and the ability of circulating cytokines to predict patient response to chemotherapy treatment and overall survival.
MATERIALS AND METHODS
Cell lines and conditioned media production. The PC3 and U937 cell lines were obtained from the American Type Culture Collection. The docetaxel-resistant cell line, PC3Rx, was developed through serial passage of PC3 with increasing docetaxel (SanofiAventis, Surrey, UK) concentrations as previously described (Zhao et al, 2009) . The identity of the cell lines was authenticated by CellBank Australia (NSW, Australia). All cell lines were maintained in RPMI 1640 (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum, insulin (0.25 IU ml À 1 ), HEPES (10 mM) and gentamicin (20 mg ml À 1 ). U937 cells were differentiated by treating with 100 ng ml À 1 phorbol 12-myristate 13-acetate (PMA; Sigma, St Louis, MO, USA) for 24 h and allowed to recover for 96 h before docetaxel treatment. For assays requiring conditioned media from individual cell lines, cells were cultured for 3 days before culture media was replaced with fresh media with or without addition of docetaxel (8 ng ml À 1 ). The conditioned media was collected after 24 h, centrifuged at 1500 g for 5 min and the supernatant was stored at À 80 1C. In co-culture experiments, PC3 or PC3Rx cells were seeded together in the same flask with undifferentiated U937 cells. The media was refreshed after 24 h to remove non-adherent cells. Cells were treated with docetaxel (8 ng ml ) for 24 h on day 3 or 7, for 4-or 8-day experiments, respectively. Conditioned media was collected after 24 h of docetaxel exposure.
In vitro cytokine analysis. The Human Cytokine Array Panel A (R&D Systems, Minneapolis, MN, USA) was used according to the manufacturer's instructions, to quantitate cytokines in conditioned media collected from cell culture experiments. Cytokines measured were C5/C5a, CD40L, GCSF, GMCSF, GROa, sICAM, I309 , IFNg,  IL-1a, IL-1ra, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 p70,  IL-13, IL-16, IL-17, IL-17E, IL-23, IL-27, IL-32a, MCP1, MIF,  Serpin E1, RANTES, IP10 , ITAC, MIP1a, MIP1b, SDF1, TNFa and TREM1. The levels of MIC1 in conditioned media was measured with a GDF15 Quantikine kit (R&D Systems), according to the manufacturer's instructions.
Patient samples. Blood samples for cytokine analysis were collected at baseline before chemotherapy and 3 weeks after the first dose (cycle 1) of chemotherapy just before the second cycle of treatment, from 55 men with metastatic CRPC. Castrationresistant prostate cancer was defined by PSA and/or clinical progression after maximal androgen blockade, with a minimum of 4 weeks having elapsed between the withdrawal of anti-androgens and the commencement of chemotherapy. Serum samples were obtained from 35 patients treated with docetaxel and PI-88, a heparanase inhibitor, on a phase II clinical trial, which showed that addition of PI-88 was comparable with docetaxel alone (Khasraw et al, 2010) . Plasma samples were obtained from 20 patients receiving single-agent docetaxel. Plasma samples from seven healthy volunteers (two men and five women) were collected on days 1, 22 and 43. Blood samples were collected according to a standardised operating protocol, using BD Vacutainer tubes (BD, Plymouth, UK) containing K 2 EDTA for plasma separation, or clot activator and gel for serum separation. Samples were centrifuged at 3000 g for 5 min at room temperature and stored at À 80 1C within 30 min of collection.
Serum PSA levels were measured before each cycle of chemotherapy. Prostate-specific antigen response was defined by modified Prostate Cancer Working Group 2 criteria (Bubley et al, 1999; Scher et al, 2008) ; partial response (PR) was defined as a decrease from baseline by 450% at any time during the treatment course, progressive disease (PD) was defined as an increase in PSA from baseline by 425% in a patient without a prior defined response and stable disease (SD) was defined as change in PSAp50% decrease or p25% increase. Clinical benefit was defined as patients who achieved SD or PR. Overall survival was defined as the time from commencement of chemotherapy to the time of death. Prospective Eastern Cooperative Oncology Group performance status (ECOG PS) assessment and serum alkaline phosphatase (ALP) data were collected, but were not available in all cases. Radiological assessment was inconsistent in our cohort, prohibiting its use as a response criterion.
All patients provided written informed consent and the study was approved by relevant human research ethics review committees (Approval no. 13663).
Cytokine assay. Samples were analysed using the Bio-Plex Pro Human Cytokine 27-plex assay (Bio-Rad, Hercules, CA, USA) on a Luminex platform at the Australian Proteome Analysis Facility. Cytokines (pg ml À 1 ) measured were PDGF, IL-1b, IP10, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17, Eotaxin, bFGF, GCSF, GMCSF, IFNg, MCP1, MIP1a, MIP1b, RANTES, TNFa and VEGF as described previously (Khan, 2012) . MIC1 (pg ml À 1 ) was measured using a previously described sensitive immunoassay (Selander et al, 2007) .
Statistical analysis. Cytokine array signals were analysed using Image J software (Protein Array Analyser, NIH, Bethesda, MD, USA; imagej.nih.gov/ij/) and expressed as fold changes. Plasma/ serum cytokine values were transformed to logarithm scale before analysis. MIC1/IL-6/IL-4 model is the addition of changes in these cytokines over one cycle of chemotherapy. Mann-Whitney U-test was used to determine the relationship between cytokine levels and PSA response group. Kaplan-Meier analysis and log-rank statistic were used to measure the association between cytokine levels and survival. Cox regression analysis was used for multivariable analysis of baseline MIC1 and established prognostic factors in relation to survival. Receiver operating characteristic (ROC) curve analysis was used to measure the ability of cytokine levels, to predict response and survival. A P-value of o0.05 was required for significance and all significance tests were two sided. All statistical analyses were performed on SPSS software (IBM, Armonk, NY, USA). Heat map was created with GenePattern (http://www. broadinstitute.org/cancer/software/genepattern/), using the relative colour scheme.
RESULTS
Docetaxel increases cytokine production in prostate cancer cell line models. Numerous studies have analysed single cytokines in chemoresistance in vitro (Pu et al, 2004; Wilson et al, 2008; Zhao et al, 2009 ); however, this study aimed to assess the broad spectrum of cytokine changes associated with docetaxel resistance in vitro. Thirty-seven cytokines were measured in conditioned media from the androgen-independent prostate cancer cell line, PC3, and its docetaxel-resistant derivative, PC3Rx (Lee et al, 2014) , before and after 24 h of docetaxel treatment. Seventeen of these cytokines were detected in any of the culture media tested ( Figure 1A ). The basal levels of cytokines secreted by PC3Rx differed from PC3, where PC3Rx generally had lower cytokine levels. Docetaxel treatment induced changes in cytokine secretion, which also differed between PC3 and PC3Rx. The levels of several pro-inflammatory cytokines, such as IFNg, IL-1a and RANTES were increased in docetaxeltreated PC3. In contrast, these pro-inflammatory cytokines were generally decreased in PC3Rx ( Figure 1A ). Interestingly, PC3Rx cells had higher basal levels of IL-10, an anti-inflammatory cytokine, which was further enhanced by docetaxel exposure ( Figure 1A ).
Monocyte co-culture with docetaxel-resistant prostate cancer cells increased markers of macrophage differentiation. Given that our previous study had identified MIC1 as a potential driver of docetaxel resistance, we next considered the interaction between macrophages and prostate cancer cells using U937 cells, a promonocytic cell line, which can be induced to terminal macrophage differentiation (Sundstrom and Nilsson, 1976) .
We examined the difference in cytokine production between PC3 or PC3Rx cells, with or without U937 co-culture, to assess the interaction between the macrophages and the cancer cells. When PC3 or PC3Rx were cultured together with U937 cells, U937 became adherent and differentiated into macrophages based on their appearance. Compared with PC3 or PC3Rx individual cell line cultures, conditioned media from U937 co-cultured with PC3 or PC3Rx contained reduced amounts of most cytokines (Supplementary Figure 1B and C) . However, IL-1ra, a marker of U937 terminal macrophage differentiation (Roux-Lombard et al, 1989; Berger et al, 1993) , and the TAM phenotype (Mantovani et al, 2004) was increased up to 3-fold in PC3/U937 co-culture and was markedly increased by up to 76-fold in PC3Rx/U937 coculture (Supplementary Figure 1B and C) . A corresponding reduction in IL-1a in co-culture, particularly after 8 days, was also seen, further evidence of macrophage differentiation ( Figure 1C ; Roux-Lombard et al, 1989) . Cytokines, predominantly implicated in alternative differentiation and migration of macrophages, such as GMCSF, C5/C5a, IL-10, IL-27 and GROa, were particularly elevated in U937 co-culture with PC3Rx, compared with PC3 ( Figure 1B Docetaxel exposure increased cytokine production in macrophage and chemo-resistant prostate cancer co-culture. The next step was to consider the effect of adding docetaxel to the co-cultures of prostate cancer cells and differentiated macrophages. Cytokine levels in the conditioned media of U937 cells differentiated with PMA were not significantly altered by 24 h docetaxel treatment of the macrophages (Supplementary Figure 1A) , indicating that cytokine production by U937 was not affected by docetaxel. In contrast, the levels of numerous cytokines were increased in PC3Rx/U937 co-culture conditioned media following docetaxel exposure (C5/C5a, GCSF, GROa, IL-1a and IL-27), whereas a generalised reduction in cytokine levels was observed in the PC3/U937 co-culture ( Figure 1B and C) . This is in direct contrast to the individual cell line cultures described above, where docetaxel induced cytokine production in the docetaxel-sensitive PC3 cells more than in the docetaxel-resistant PC3Rx cells. Interestingly, after 4 days of co-culture, MIC1, which was not detected in conditioned media of individual cultures, was detected in PC3/U937 co-culture, but not in the PC3Rx/U937 co-culture. However, after 8 days of co-culture to improve macrophage maturity (Berger et al, 1993) , MIC1 was expressed in the PC3-Rx/ U937 co-culture at higher levels than the chemosensitive counterpart. A similar pattern was seen with GMCSF ( Figure 1C ). These cytokines are associated with macrophage differentiation and the TAM phenotype, suggesting that the feedback mechanism in the chemoresistant co-culture promotes macrophage maturity.
Temporal variability of circulating cytokine levels. Previous clinical studies have assessed the relationship between baseline cytokine levels and response to treatment, but results are discordant . For that reason, we sought to assess the temporal variability of 27 cytokines in 7 healthy volunteers by assessing 3 consecutive blood samples, each taken at 3 weekly intervals. For most detectable cytokines, intersubject variability was greater than intrasubject variability (intraclass correlation coefficient 40.5, Supplementary Table 1 ). This reinforced the need to use paired samples rather than a single measure in time.
Patient characteristics. Plasma or serum samples were collected from a cohort of 55 men receiving docetaxel for metastatic CRPC. At a median follow-up of 15 months, median overall survival was 15 months with 84% deceased at the time of data analysis. The cohort clinical characteristics are summarised in Table 1 . The baseline demographics of our cohort were very similar compared with the two, large phase III trials of docetaxel in CRPC, TAX327 (Tannock et al, 2004) and SWOG 99-16 (Petrylak et al, 2004) . However, 64% of patients in our cohort had a fall in PSA X50%, which was higher than the 45%-50% partial PSA response rates in these trials. Our cohort also had a slightly lower rate of bone and visceral/soft tissue metastases, including involvement of lymph nodes.
Changes in seven cytokines predict for chemotherapy response.
The levels of 28 cytokines were quantitated in the plasma and serum samples. Six cytokines (IL-2, IL-15, IL-17, bFGF, GMCSF and MIP1a) were below the limit of detection in 450% of samples and were excluded from statistical analysis. The range and median of the cytokine levels in the cohort are shown in Supplementary  Table 2 . Seven cytokines (IL-1ra, IL-1b, IL-4, IL-6, IL-12, IFNg and MIC1) had significantly increased levels after cycle 1 of chemotherapy in patients with PD compared with those with clinical benefit (PR or SD; Figure 2A and B). Baseline cytokine levels were not associated with chemotherapy response, as the levels were not significantly different between the clinical benefit and PD groups of patients (P40.05). Overall, both the in vitro and human data demonstrate an inflammatory response to docetaxel resistance involving pro-inflammatory mediators and cytokines involved in macrophage recruitment, activation and TAM phenotype such as IL-1ra and MIC1. In order to identify the best model to predict docetaxel resistance, ROC curve analysis was performed. The change in IL-4 alone was the single, most accurate predictor of PD (P ¼ 0.005; Figure 2C ). Area under the curve values for each of the seven cytokines significantly associated with clinical benefit were at least 0.7 (Supplementary Table S3 ). The additive model of changes in IL-4, MIC1 and IL-6 had the strongest association with PD (P ¼ 0.003; Figure 2D ). Although published data from our group and others have identified a direct role for IL-6 and MIC1 in chemoresistance in CRPC (Borsellino et al, 1995; Pu et al, 2004; Huang et al, 2007; Zhao et al, 2009 ), the addition of recombinant human IL-4 (rhIL-4) to androgen-independent prostate cancer cells does not alter docetaxel cytotoxicity (Supplementary Figure 2 ).
Pre-treatment MIC1 level predicts for overall survival. Circulating MIC1 levels have prognostic utility in all stages of prostate cancer ). In our cohort, patients with baseline MIC1 levels greater than the median (5591 pg ml À 1 ) had a significantly shorter overall survival (Po0.001, Figure 3A) . Although previous studies have established a normal MIC1 level to be below 1070-1150 pg ml À 1 (Koopmann et al, 2004; Selander et al, 2007) , too few patients in our cohort of metastatic CRPC had normal values to use this as a discriminator. For illustrative purposes, we chose to use the median value as a cut-point for Kaplan-Meier analysis. This showed that baseline MIC1 was a superior prognostic marker to a X30% fall in PSA within 3 months ( Figure 3A and B) . As a continuous variable on ROC curve analysis, baseline MIC1 was a better predictor of death within 12 months than maximal change in PSA over 3 months ( Figure 3C ).
In multivariable Cox proportional hazards analysis with available established prognostic factors (Halabi et al, 2003;  presence of visceral metastases, Gleason score, baseline ALP, baseline Hb, baseline PSA and PSA response to chemotherapy), baseline MIC1 was an independent predictor of overall survival (HR: 2.73, 95% CI: 1.18-6.32; P ¼ 0.02; Table 2 ). The ECOG PS and LDH level were excluded from analysis due to insufficient available data. LDH is not routinely measured as part of Australian practice. Baseline measures of the remaining cytokines were not associated with survival (P40.05). The additive model of changes in IL-4, MIC1 and IL-6 was also not associated with overall survival (Table 2) .
DISCUSSION
This study demonstrates that chemotherapy resistance both in vitro and in patients is associated with an inflammatory response involving cytokines linked to macrophage recruitment and activation. In vitro, co-culture of docetaxel-resistant prostate cancer cells with macrophages results in upregulation of secreted inflammatory cytokines compared with docetaxel-sensitive prostate cancer cells. The addition of docetaxel to the co-culture enhances cytokine production. Furthermore, human correlative studies identified a circulating cytokine profile that is associated with treatment response in CRPC patients. This is the first study to comprehensively evaluate temporal changes in circulating cytokines rather than single measures, which have had limited utility thus far . The clinical and in vitro findings suggest a role for pro-inflammatory cytokines and macrophages in the development of docetaxel resistance in CRPC. Patients who respond poorly to chemotherapy (PD) have increased levels of IL-1ra, a marker of macrophage differentiation (Janson et al, 1991) , which was also produced at higher levels by monocyte co-cultures with docetaxel-resistant prostate cancer cells compared with docetaxel-sensitive cells. Similarly, MIC1, also associated with macrophage function (Wu et al, 2010) , was increased in patients with PD and in monocyte co-culture with docetaxel-resistant prostate cancer cells compared with docetaxel-sensitive cells.
The cytokine profiles of the in vitro cell models and patients are not in exact concordance, which is not surprising as the in vitro models do not reflect the contributions by other immune cells and tissues. For example, IL-4, another cytokine that was significantly elevated in non-responders after one cycle of chemotherapy was not produced by any of the cell lines, indicating that it is likely to be produced by non-tumour cells, such as T cells. In vitro, the addition of rhIL-4 to PC-3 cells did not alter their docetaxel sensitivity, suggesting that IL-4 does not have a direct effect on cancer cells to produce chemoresistance. Nevertheless, IL-4 may be involved in the chemoresistance role of macrophages, as it promotes the proliferation of resident macrophages (Jenkins et al, 2013) .
A central role of IL-4, together with IL-13, is to promote the alternative activation of macrophages (Gordon, 2003) creating a distinct macrophage cellular profile that has been linked to tumour progression. Macrophages can be activated through two main pathways: (1) the classical pathway via response to microbial products or IFNg-producing M1 macrophages, which are phagocytic and pro-inflammatory, and (2) the alternative pathway via various signals including IL-4-and IL-13-producing M2 macrophages (Gordon, 2003) . Tumour-associated macrophages have similar properties to M2 macrophages and are well-described participants in the tumour microenvironment (Mantovani et al, 2006) . In co-culture with a variety of tumour cells (Hagemann et al, 2006; Weigert et al, 2007; Honda et al, 2011; MullerQuernheim et al, 2012) , monocytes adopt this cellular phenotype. High levels of intra-tumoral macrophages in resected localised prostate cancer correlate with increased risk of biochemical recurrence (Gannon et al, 2009) . In vivo, co-inoculation of PC3 xenograft mice with macrophages alternatively activated with IL-4 promoted tumour growth (Craig et al, 2008) . In other tumours such as breast cancer and myeloma, co-culture with macrophages induces chemoresistance to multiple agents Shree et al, 2011) . Circulating IL-4 has not previously been implicated as a clinical marker of chemoresistance. However, our results suggest links to a key role for macrophages in docetaxel resistance in CRPC.
IL-6, also highly correlated with response to treatment in our cohort, has long been directly implicated in chemoresistance, in both preclinical and clinical studies. Inhibition of IL-6 enhances chemosensitivity in vitro, whereas exogenous IL-6 inhibits cytotoxic drug-induced apoptosis (Borsellino et al, 1995; Pu et al, 2004) potentially via the Bcl and Stat signalling pathways (Pu et al, 2004) . In relation to macrophage activity, IL-6 reciprocally upregulates the expression of MCP1, a chemotactic factor responsible for the recruitment of monocytes and found in high levels in metastatic prostate tumour tissue (Roca et al, 2009) . In CRPC patients receiving docetaxel chemotherapy, elevated baseline serum IL-6 levels inversely correlate with response, time to progression and prostate cancer-specific and overall survival (Domingo-Domenech et al, 2007; Visa et al, 2009). A chimeric anti-IL-6 antibody (CNTO 328) has been shown to inhibit prostate cancer xenograft growth (Smith and Keller, 2001; Wallner et al, 2006) . However, a randomised phase II study of CNTO 328 or placebo in combination with mitoxantrone was terminated early due to more deaths in the experimental arm (Fizazi et al, 2012) . Further development of anti-IL-6 therapy in CRPC has failed to progress.
The correlation of MIC1 with docetaxel resistance in our cohort was not unexpected, as it has been previously implicated in vitro and clinically. Androgen-independent cell lines, PC3 and DU145, overexpress MIC1 after docetaxel or mitoxantrone exposure (Huang et al, 2007) . Our group has previously shown that treatment with exogenous MIC1 increases cellular resistance to docetaxel, whereas siRNA knockdown of MIC1 in docetaxelresistant PC3Rx cells restores chemosensitivity (Zhao et al, 2009 ). In our previous study with a smaller clinical cohort, an increase in MIC1 after the first chemotherapy cycle was correlated with chemoresponse and overall survival (Zhao et al, 2009 ). In our current cohort, docetaxel response data were similar; however, the baseline MIC1 was more closely associated with overall survival. These differences are most probably related to the larger patient numbers in the present cohort and the greater homogeneity of therapy. In other cancers, such as glioblastoma multiforme, MIC1 has been implicated in the promotion of tumour-associated M2-type macrophages (Wu et al, 2010) . The significance of circulating MIC1 in our cohort further highlights the link with macrophage activity.
TAMs and immune responses, in particular the TH2 responses, have been extensively associated with the initiation and progression of cancer. TH2 T cells are stimulated by TAMs and myeloidderived suppressor cells, resulting in the skewing of adaptive tumour-specific immunity and the development of a tumour microenvironment that predisposes to tumour proliferation (Disis, 2010) . The cytokine profiles in the in vitro and human data, both identified cytokines involved in TAM activation and inflammation upregulation in docetaxel resistance. Interestingly, a six-gene prognostic model for CRPC based on whole-blood RNA transcript profiling has recently been developed, in which all genes are modulators of the immune system (Ross et al, 2012) . Furthermore, three of these genes, which are upregulated in poor prognosis disease (C1QA, TIMP1 and CDKN1A) drive monocyte differentiation towards the production of tissue macrophages, while the other three downregulated genes (ABL2, ITGAL and SEMA4D) are components of an integrated system required for T-cell motility, antigen surveillance and T-helper cell activity (Ross et al, 2012) . These immune aberrations are now being targeted successfully by CTLA-4 and PD-1 inhibitors in melanoma (Topalian et al, 2012) and therefore may be useful in overcoming docetaxel resistance in CRPC.
Of the dominant cytokines identified in the clinical cohort, in vitro evidence suggests that IL-6 and MIC1 directly alter the response of prostate cancer cells to docetaxel and increase macrophage recruitment and alternative differentiation. The involvement of IL-4 is more complex. Although it does not directly influence prostate cancer cell chemoresistance, it may drive docetaxel resistance as a key mediator of resident macrophage differentiation to TAMs.
In conclusion, we have identified cytokines associated with docetaxel resistance in CRPC patients. The in vitro and human correlative data suggest a relationship between macrophageassociated cytokines and docetaxel resistance in CRPC. These results provide the basis for validation of the IL-4/MIC1/IL-6 model as an early therapeutic-response biomarker and propose strategies to overcome docetaxel resistance. 
